1. Introduction {#sec1}
===============

Glioblastoma multiforme (GBM) is a highly malignant brain cancer whose prognosis is extremely poor \[[@B1]\]. As with other tumours \[[@B2]\], a subset of undifferentiated cells has been identified in GBM as "tumour-initiating cells" \[[@B3]\], due to their ability to originate a neoplastic mass resembling that of the donor patient when implanted in the brain of immunocompromised mice \[[@B4]\]. Primary GBMs represent about 95% of the total cases and develop as rapidly growing tumours with no evidence of premalignant lesions \[[@B5]\]. Several genetic alterations are recurrently implicated in primary GBM, among which*PTEN* inactivation is the most frequent, shown to occur through different mechanisms \[[@B6], [@B7]\].*PTEN* loss of function (LOF) promotes an increased PI3K signalling \[[@B8], [@B9]\] which activates, among others, the atypical Protein Kinase C (aPKC) \[[@B10], [@B11]\], resulting in alterations in tissue morphology both in*Drosophila* \[[@B12]\] and in mammalian cells \[[@B13]\]. Lethal giant larvae (Lgl), an aPKC substrate \[[@B14], [@B15]\], was first identified in*Drosophila* as an oncosuppressor protein \[[@B16]\] found at the membrane \[[@B17]\], encoded by the*lgl* gene, whose loss of function causes malignant growth of larval brain and epithelia \[[@B18], [@B19]\]. Of note, Lgl controls neuroblast (NBs) differentiation by regulating the asymmetric localisation of cell fate determinants in the neural progenitors \[[@B20]--[@B22]\] and phosphorylation by aPKC converts Lgl into an inactive form released in the cytoplasm \[[@B23]\].*Drosophila* Lgl is evolutionarily conserved \[[@B24]\], and our and other studies described its altered expression/localisation in several forms of human cancer \[[@B24]--[@B27]\]. Mammalian Lgl (Lgl1) is highly expressed in the brain and its knock-out causes severe brain dysplasia in mice \[[@B28]\]. Activated aPKC promotes GBM cell motility by dissociating Lgl1 from nonmuscle myosin II \[[@B29]\], and two recent papers demonstrated that inactivation of Lgl1 following*PTEN* loss promotes the maintenance of GBM stem cells in mammals \[[@B30], [@B31]\]. Consistently, Hugl1 (Human l*gl1*) overexpression in human GBM cells hampers their ability to form brain tumours in nude mice \[[@B32]\]. In the last fifteen years,*Drosophila* has been successfully used to investigate the genetic and molecular basis of different cancer hallmarks \[[@B33]--[@B35]\]. With regard to brain cancer, a model of glioma has been proposed that recapitulates some features of mammalian brain tumours \[[@B36], [@B37]\]. In this model, cancer was induced by activating the EGFR/PDGFR and PI3K pathways in glial cells, and the authors found that some neural cell types were not prone to neoplastic transformation \[[@B36]\], highlighting the relevance of the cell of origin to cancer initiation and progression \[[@B38]\]. A recent study demonstrated that the same molecular alterations give rise to different GBM subtypes when induced in different neural progenitors, pointing to the cell of origin as a major determinant of GBM diversity \[[@B39]\]. Moreover, GBM cell of origin was also shown to influence malignancy and drug sensitivity \[[@B40]\]. The*Drosophila* larval brain lobe contains several stem populations: the neuroepithelial (NE) cells, that originate the NBs of the optic lobe (OL) \[[@B41]\] by the same developmental mode as the mammalian forebrain \[[@B42]\], types I and II and mushroom bodies NBs of the central brain (CB) \[[@B43]\], and the newly reported non-NB progenitors that give rise to lamina glia and neurons \[[@B44]\]. Larval NBs undergo a limited number of asymmetric divisions and stop dividing before adulthood \[[@B45]\]; nevertheless, adult neurogenesis was recently observed in the medulla region of the OL, which increases following brain damage \[[@B46]\].*Drosophila* NBs have been extensively used as a model for brain cancer \[[@B47]--[@B49]\], and different genetic alterations were shown to prime specific NE/NB populations for tumourigenesis \[[@B50]--[@B55]\]. Among these cell populations, type II NBs are particularly attractive as their lineage is analogous to that of the mammalian neural stem cells, involving transient amplifying cells called Intermediate Neural Progenitors (INPs), used to expand the progenitor cell population \[[@B56], [@B57]\] and programmed cell death that culls excess neurons \[[@B58], [@B59]\]. Of note, type II NBs are known to undergo unrestrained growth \[[@B52], [@B60]--[@B63]\] and their lineages generate a variety of neurons and glial cells that contribute to the CB and the OL of the adult brain \[[@B64], [@B65]\]. Moreover, larval brains from*lgl* mutants produce primarily ectopic type II NBs \[[@B52], [@B55]\], prompting us to investigate the susceptibility of these stem cells to alterations of the PTEN/aPKC/Lgl axis. We first confirmed that*PTEN* LOF is sufficient to increase aPKC cortical loading and to inhibit Lgl membrane localisation in the*Drosophila* larval brain. We then manipulated the PTEN/aPKC/Lgl axis in the NE and in the type II NBs of the*Drosophila* brain, demonstrating that, while perturbation of this molecular pathway provokes mild NE hyperplasia, it triggers an accumulation of immature precursors in the larval central brain, where type II neuroblasts reside. In addition, these immature progenitors form adult brain tumours that kill the animals in time, thus showing a malignant behaviour.

2. Materials and Methods {#sec2}
========================

2.1. Fly Stocks and Treatments {#sec2.1}
------------------------------

The following fly stocks were used in the study:*yw, hs-Flp, UAS-GFP, tub-Gal4; tub-Gal80, FRT40A-w; Ubi-GFPnls, FRT40A-w; PTEN*^*117*^*, FRT40A/CyO-yw, UAS-PI3K*^*CAAX*^*-w; UAS-*aPKC^CAAX-wt^*-w; Optix-Gal4, UAS-EGFP-w; Optix-Gal4, yvsc, UAS-mCD8::GFP; UAS-dmRNAi*. Fly lines were from the Bloomington Stock Center (NIH P40OD018537) except for*w*;*Optix-Gal4* II (A.H. Brand)-*w; PTEN*^*117*^*, FRT40A/CyO* (H. Stocker)-*w;*and*UAS-*aPKC^CAAX-wt^ (C.Q. Doe). Stocks and experimental crosses were all raised on standard medium at the temperatures indicated. Eggs were collected from 15 females in 8-hour time windows to avoid developmental delays due to overcrowding. For MARCM experiments ([Figure 1(a)](#fig1){ref-type="fig"}), where mutant cells are marked by GFP expression \[[@B66]\], larvae were heat-shocked for 20 minutes in a water bath at 37°C at 48 hours development, and for Flp/FRT experiments (Figures [1(b)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}), where mutant cells are marked by lack of GFP expression \[[@B67]\], larvae were heat-shocked for 60 minutes in a stove at 37°C at 48 hours development.

2.2. Immunohistochemistry {#sec2.2}
-------------------------

Larval and adult brains were dissected in PBS, fixed in 3.7% formaldehyde in PBS for 30 minutes, permeabilised in 0.5% Triton in PBS for 2 hours, and stained following standard protocols. Final samples were mounted in Fluoromount-G (Southern Biotechnology Associates, Inc.). The following primary antibodies were used: rabbit anti-aPKC*ζ* (1 : 200, sc-216, Santa Cruz Biotechnology); rabbit anti-Yki (1 : 400, K.D. Irvine); rabbit anti-phosphoAKT (1 : 200, Ser505, Cell Signaling Technology); rabbit anti-Lgl (1 : 500, D. Strand); rabbit anti-PntP1 (1 : 500, J.B. Skeath); rabbit anti-Mira (1 : 200, C.Q. Doe); rabbit anti-PH3 (1 : 200, Ser10 Upstate Biotechnology); mouse anti-MYC (1 : 5, P. Bellosta); mouse anti-dIAP1 (1 : 200, B.A. Hay); and mouse anti-Repo, anti-Elav, and anti-*γ*-H2AX (1 : 50, DSHB). Secondary antibodies were Alexa Fluor 555 goat anti-mouse and anti-rabbit (Invitrogen Corporation) and DyLight 649 goat anti-mouse and anti-rabbit (Jackson ImmunoResearch Laboratories).

2.3. Image and Statistical Analysis {#sec2.3}
-----------------------------------

Fluorescent images were taken on a Leica TCS SP2 confocal microscope, and the entire images were processed with Adobe Photoshop software; all the images shown are from a single *z* stack. ImageJ free software from NIH, Bethesda, MD, USA, was used to measure sample diameter and area. For statistical analysis, the number of samples is indicated in the figures. For IF analysis, the figures represent the average phenotype across 15--25 samples analysed, if not otherwise specified. Data represent mean ± s.d. Two-tailed Student\'s *t*-tests were used to determine significance. ^*∗∗*^*P* \< 0.01. Graphs were created in GraphPad Prism 5.

3. Results and Discussion {#sec3}
=========================

3.1. PTEN Mutation Affects aPKC Abundance and Lgl Localisation in the*Drosophila* Brain {#sec3.1}
---------------------------------------------------------------------------------------

The phosphatase PTEN is known to regulate cell proliferation and growth through the PI3K/AKT pathway \[[@B8], [@B9], [@B68]\]. In cancer, deregulation of this signalling network supports a number of cellular characteristics such as survival, migration, and inability to differentiate \[[@B69]\]. This is partly achieved through activation of aPKC \[[@B10], [@B11]\], known to control cell polarity and asymmetric cell division in a variety of cells, from*Drosophila* to mammals \[[@B14], [@B19]\]. aPKC expression and activity are increased in human GBM \[[@B70]\], and its direct substrate Lgl has been recently associated with the maintenance of the GBM stem population \[[@B30], [@B31]\]. In*Drosophila*, PTEN is known to colocalise with the PAR/aPKC complex at the apical cortex of different cell types, where it serves multiple critical functions by helping maintain the correct actin organisation \[[@B12], [@B71]\]. With the aim to associate*PTEN* loss with Lgl inhibition in the*Drosophila* larval brain, we first investigated the impact of*PTEN* loss of function on the PI3K/AKT pathway in this organ. As can be seen in [Figure 1(a)](#fig1){ref-type="fig"}, while the*PTEN* mutant clone (GFP^+^) in the ventrolateral (VL) CB failed to activate AKT (asterisk), clones within the OL (arrowhead) and in the dorsomedial (DM) CB (arrow) were positive to pAKT staining (red). These two regions of the larval brain contain the NE cells with their descendants (OL) and type II NBs (DM-CB), respectively. We then focused on the OL surface, where the NE cells and their progeny form a cohesive tissue and analysed aPKC and Lgl abundance and localisation in*PTEN* mutant clones. In [Figure 1(b)](#fig1){ref-type="fig"},*PTEN* mutant cells (GFP^−^, outlined) displayed aPKC membrane enrichment (outlined, compared with the surrounding cells). Lgl abundance was coherently lowered within the*PTEN* mutant clones in [Figure 1(c)](#fig1){ref-type="fig"} (GFP^−^, outlined). This was clear evidence that the PTEN/aPKC/Lgl axis is conserved in the*Drosophila* brain.

In*Drosophila*, the maternal contribution of mRNAs and proteins to the developing embryo is known to prevent detection of mutant phenotypes; in particular,*lgl* embryos have sufficient maternally provided transcript to enable animals to survive to the midlarval stage, after which their brain and epithelia undergo tumourigenic growth \[[@B18]\]. Complete depletion of Lgl is indeed required to trigger tumourigenesis and, being it a very stable protein \[[@B72]\], the use of*lgl* mutations or knock-down constructs may not be suitable to induce complete loss of function. Consistently,*PTEN* mutation, though lowering Lgl cellular levels, failed to deplete it completely ([Figure 1(c)](#fig1){ref-type="fig"}). To circumvent this issue, we genocopied*PTEN* and*lgl* loss of function by overexpressing their antagonists PI3K and aPKC. Since*PTEN* mutation activates the PI3K/AKT pathway in the OL and in the DM CB ([Figure 1(a)](#fig1){ref-type="fig"}), we directed kinase expression through the Optix promoter, which is active in subterritories of these regions ([Figure 1(d)](#fig1){ref-type="fig"}) \[[@B55], [@B73]\].

3.2. The Activated Form of aPKC Induces Hyperplastic Growth of the Larval NE {#sec3.2}
----------------------------------------------------------------------------

We first investigated the effect of aPKC activation in the OL. Expression of the aPKC^CAAX-wt^ transgene in the Optix domain provoked a substantial cellular increase of this kinase ([Figure 2(a)](#fig2){ref-type="fig"}, compare the GFP^+^ and the GFP^−^ regions in the middle panel; the green and the yellow arrowheads mark the boundaries of the unaffected OL and NE, resp.). This confirmed that although Optix promoter is more active in the NE than in the OL NBs \[[@B73]\], it is however efficient in driving transgene expression also in these cells. Following aPKC activation, larval OL appeared normal, but the NE acquired a multilayered structure formed by rounded cells, as can be seen in [Figure 2(b)](#fig2){ref-type="fig"} (white arrows), where the cross-section of a brain hemisphere is shown. This phenotype was exacerbated by combined activation of PI3K and aPKC ([Figure 3(c)](#fig3){ref-type="fig"}) and was observed with variable severity in all the brains analysed (*n* = 23). In the middle panel, the yellow arrowheads mark the borders of the untargeted NE, which maintained the wild-type columnar shape ([Figure 2(b)](#fig2){ref-type="fig"}). In [Figure 2(c)](#fig2){ref-type="fig"}, Lgl staining highlighted how this protein is released from the membrane following aPKC activation (compare the GFP^+^ and the GFP^−^ regions in the middle panel; the green and the yellow arrowheads mark the boundaries of the unaffected OL and NE, resp.), as it does in other*Drosophila* tissues \[[@B27]\]. Hyperplastic growth has also been reported in the Optix NE domain following Hippo pathway deregulation \[[@B73]\]. The Hippo pathway plays essential roles in regulating tissue growth \[[@B74]\] and is known to modulate proliferation and differentiation in the NE \[[@B75], [@B76]\]. Since aPKC and Lgl have been demonstrated to regulate growth through this signalling cascade in*Drosophila* \[[@B77], [@B78]\], it is conceivable that the hyperplastic phenotype triggered by aPKC activation in the NE is partly due to Hippo pathway deregulation: the downstream targets dIAP1 \[[@B79]\] and MYC \[[@B80], [@B81]\] showed indeed ectopic expression in the Optix OL domain (Figures [2(a)](#fig2){ref-type="fig"}, [2(b)](#fig2){ref-type="fig"}, and [2(c)](#fig2){ref-type="fig"}, lower panel; yellow arrowheads indicate the unaffected NE). Altogether, our findings indicate that, despite Lgl inhibition and Hippo pathway deregulation, the NE shows a mild morphological response, suggesting that its cells and their progeny, the OL NBs, are not prone to initiate brain cancer following alterations of the PTEN/aPKC/Lgl molecular axis.

3.3. The Activated Form of aPKC Primes Expansion of the Type II NBs of the Larval Brain, and PI3K Contributes to the Overall Organ Growth {#sec3.3}
-----------------------------------------------------------------------------------------------------------------------------------------

We then shifted the focus from the NE to the other region that appeared to activate the PI3K/AKT pathway in response to*PTEN* mutation: type II NBs of the CB (see Figures [1(a)](#fig1){ref-type="fig"} and [1(d)](#fig1){ref-type="fig"}). This population is composed of 8 NBs/brain lobe, which represent in*Drosophila* the first identified postembryonic progenitors giving rise to both neurons and glial cells \[[@B64], [@B82]\]. Optix is expressed in 4 out of 8 of these NBs and respective progeny, in the DM region of the CB, and in 1 type I DM NB \[[@B55], [@B73]\]. We first analysed the proliferation versus differentiation phenotype of late L3 larvae grown at 25°C with single or combined activation of PI3K and aPKC in the Optix domain. [Figure 3(a)](#fig3){ref-type="fig"} shows a larval brain lobe stained for Miranda (Mira), a NB marker, and reversed polarity (Repo), a pan-glial marker. Mira is an aPKC substrate which, such as Lgl, is released in the cytoplasm following phosphorylation; this in turn inhibits the correct segregation of polarity determinants and affects proper cell division \[[@B83]\]. Mira staining was mainly evident in the OL region and in type I NBs of the CB (arrows). Despite the promoter being active in the CB (GFP^+^, arrowhead), in these samples Mira staining was undetectable in type II NBs ([Figure 3(a)](#fig3){ref-type="fig"}), indicating that PI3K activation was not sufficient to induce their expansion. On the contrary, aPKC activation in the same regions drove a potent neurogenic wave in the CB ([Figure 3(b)](#fig3){ref-type="fig"}, arrowhead) and an increase in Mira^+^ OL NBs number (arrows), promoting brain lobe overgrowth. Finally, activation of PI3K cooperated with aPKC in increasing both Mira^+^ tumour mass in the CB ([Figure 3(c)](#fig3){ref-type="fig"}, lower panel, arrowheads) and overall brain size. Noticeably, the NE region and its progeny NBs underwent dramatic hyperplasia (arrow and brackets, GFP^+^, upper panel) but showed few signs of neurogenesis (asterisk, lower panel). We then repeated the same immunostainings as above on larval brains from crosses carried out at 29°C, to exacerbate cancer traits. Also in this case, Optix-PI3K^CAAX^ brains did not give origin to any aberrant phenotype, with OL and CB NBs found in stereotyped positions ([Figure 3(d)](#fig3){ref-type="fig"}, arrow). Of note, aPKC expression at 29°C provoked a massive expansion of the CB NBs, which filled the entire brain lobes but the OLs, which were negative to Mira staining ([Figure 3(e)](#fig3){ref-type="fig"}, arrow). This evidence confirmed that the expansion of the immature progenitors initiates from the CB NBs and does not involve the OL NBs. Another interesting trait observed in these samples was the formation of cell clusters invading the VG (arrowhead in the lower panel). These groups of invasive cells did not show any sign of differentiation, as they were negative to both Repo (glial marker) and Elav (neuronal marker) ([Figure 3(e)](#fig3){ref-type="fig"}, upper panel, inset). This phenomenon was observed in 13 out of 18 Optix-aPKC^CAAX^ brains. Also at 29°C, activation of PI3K cooperated with aPKC in tumour development, with Mira^+^ cells filling the entire, oversized brain lobes ([Figure 3(f)](#fig3){ref-type="fig"}, lower panel). In Supplementary [Figure S1](#supplementary-material-1){ref-type="supplementary-material"}, a graph reports the average anterior-to-posterior (A/P) lobe diameter of the progeny from each experimental group. The differences between the three groups were all statistically significant, both at 25°C (Supplementary [Figure S1A](#supplementary-material-1){ref-type="supplementary-material"}) and at 29°C (Supplementary [Figure S1B](#supplementary-material-1){ref-type="supplementary-material"}). Finally, Supplementary [Figure S2](#supplementary-material-1){ref-type="supplementary-material"} represents Optix-aPKC^CAAX^ larval brains from crosses carried out at 29°C, where staining for PointedP1 (PntP1), a type II NBs marker \[[@B84], [@B85]\], revealed a large predominance of type II NBs and respective descendants in brain colonisation. In addition, these brain lobes presented a high degree of double strand breaks (Supplementary [Figure S2](#supplementary-material-1){ref-type="supplementary-material"}), underlining defective DNA repair, typical of malignant tumours \[[@B86]\] and, interestingly, of GBM stem cells \[[@B87]\]. Altogether, these analyses performed on larval brains suggest a strong implication for aPKC in cancer initiation from type II NBs. Moreover, aPKC cortical activity in*lgl*^−/−^ INPs originated from type II NBs is known to revert these cells back into NBs \[[@B88]\], and here we showed that, also in wild-type brains, while aPKC activation does not seem to initiate tumour growth from the NE-derived NBs, it promotes a huge expansion of the type II NBs, which eventually colonise the entire CBs at 29°C.

3.4. The Unrestrained Growth Initiated in Type II NBs by the Activated Form of aPKC Leads to Formation of Adult Brain Tumours {#sec3.4}
-----------------------------------------------------------------------------------------------------------------------------

In*Drosophila*, adult brain tumours have been observed following inactivation of the translational repressor Brat, the transcription factor Earmuff, or proteins of the SWI chromatin complex in type II NBs and INPs \[[@B61], [@B89]--[@B92]\]. We thus observed adult flies carrying single or combined ectopic activation of PI3K and aPKC. As can be seen in Supplementary [Figure S3A](#supplementary-material-1){ref-type="supplementary-material"}, the differences between the observed and expected progeny numbers were not significant at 25°C. It is however important to underline that 1/3 of the Optix-PI3K^CAAX^  aPKC^CAAX-wt^ progeny died as pharate adults; therefore the following analyses will possibly not include the most severe phenotypes of this class. At 29°C, no Optix-aPKC^CAAX-wt^ and Optix-PI3K^CAAX^  aPKC^CAAX-wt^ eclosed adults were recovered (Supplementary [Figure S3A](#supplementary-material-1){ref-type="supplementary-material"}). We therefore proceeded by analysing all the progenies at 25°C. Optix-aPKC^CAAX-wt^ animals displayed small, cone-shaped eyes (Supplementary [Figure S3C](#supplementary-material-1){ref-type="supplementary-material"}, middle panel), possibly due to kinase activation in the eye disc \[[@B93]\]; therefore we measured the head capsule width (IOD, Interocular Distance) for each class, normalised to that of control siblings, to find differences among the three samples. The graph in Supplementary [Figure S3B](#supplementary-material-1){ref-type="supplementary-material"} indicates that Optix-aPKC^CAAX-wt^ fly heads were much larger than those of the other two classes, as can be appreciated in Supplementary [Figure S3C](#supplementary-material-1){ref-type="supplementary-material"}. An analysis of these three classes of flies under a fluorescence stereoscope revealed that while Optix-PI3K^CAAX^ fly heads were negative, both Optix-aPKC^CAAX-wt^ and Optix-PI3K^CAAX^  aPKC^CAAX-wt^ fly heads showed the presence of GFP^+^ masses in the CB in about 30% of the scored individuals. Those individuals were found to display the highest IOD values within their class (not shown), suggesting this measure may be utilised as an index of brain tumour growth. We then analysed the phenotypes of adult brains from 1--4-day-old flies grown at 25°C with single or combined activation of PI3K and aPKC. As illustrated in [Figure 4(a)](#fig4){ref-type="fig"}, residual Optix reporter activity was visible in some cells, and the same was observed in Optix-PI3K^CAAX^ adult brains ([Figure 4(b)](#fig4){ref-type="fig"}), where the Optix domain appeared slightly enlarged. The GFP^+^ cells were Mira^−^ in both samples, indicating that the adult brains did not contain detectable immature cells. On the contrary, both Optix-aPKC^CAAX-wt^ ([Figure 4(c)](#fig4){ref-type="fig"}) and Optix-PI3K^CAAX^  aPKC^CAAX-wt^ ([Figure 4(d)](#fig4){ref-type="fig"}) adult brains contained a myriad GFP^+^Mira^+^ cells, representing immature neural progenitors which failed to respond to cell cycle termination signals at the onset of metamorphosis, hence their persistence in the adult. A statistical analysis of the GFP^+^ areas in the Optix-aPKC^CAAX-wt^ versus the Optix-PI3K^CAAX^  aPKC^CAAX-wt^ samples did not reveal significant differences ([Figure 4(e)](#fig4){ref-type="fig"}), but we speculate that the combined activation of the two kinases did not allow the most compromised animals to eclose, escaping this analysis (see Supplementary [Figure S3](#supplementary-material-1){ref-type="supplementary-material"}). A staining for PntP1 revealed that the GFP^+^ immature cells contained in the Optix-aPKC^CAAX-wt^ adult brains were type II NBs/INPs: an analysis performed on 9 Optix-aPKC^CAAX-wt^ adult brains indeed confirmed that all the GFP^+^ brain areas were also PntP1^+^. This was convincing evidence that aPKC cortical activation initiates tumourigenesis in type II lineages, as it is for other proteins involved in NB polarity determination \[[@B89], [@B90]\]. With the aim to understand if these brain tumours were mitotically active, we stained Optix-aPKC^CAAX-wt^ adult brains for the Phospho-Histone H3, an immunomarker specific for cells undergoing cell division. As can be seen in [Figure 5(a)](#fig5){ref-type="fig"}, GFP-positive areas show diffuse PH3 staining, suggesting these tumours are still proliferating in the adult. A comparison of the average GFP^+^ area in brains from flies of different age indeed found that brain tumours from 11-day-old flies were 1.5-fold bigger than brain tumours from 1-day-old flies ([Figure 5(b)](#fig5){ref-type="fig"}), confirming these brain cancers keep growing during adult life. Finally, we calculated the average survival of Optix-aPKC^CAAX-wt^ adult flies over time and, at 30 days from eclosion, we found that, while the 83% of control siblings were alive and healthy, only the 20% of the experimental flies were alive, with clear signs of cancer burden such as scarce motility and inability to feed and mate (see Supplementary [Figure S4](#supplementary-material-1){ref-type="supplementary-material"} for survival curve). Altogether, these results demonstrate that aPKC cortical recruitment primes in the type II NB lineages a series of molecular events which promote the accumulation of immature progenitors in the larval CB. These undifferentiated masses continue to proliferate, escape proper controls during metamorphosis, and persist in the adult, where they keep growing and lead the animals to untimely death, thus behaving like frankly malignant tumours.

3.5. Brain Tumour Growth Induced by aPKC Activation Is MYC-Dependent {#sec3.5}
--------------------------------------------------------------------

Neural progenitor cells need MYC function to proliferate properly \[[@B94]\], and MYC family proteins are highly deregulated in human brain cancers, GBM included \[[@B95]--[@B97]\]. Brat promotes type II NBs asymmetric cell division by repressing MYC, and expression of the human orthologue TRIM3 represses c-MYC activity in GBM cells \[[@B98]\]. Direct MYC inactivation or inhibition of MYC-driven processes has been shown to impair GBM growth in several ways \[[@B99]--[@B101]\]. aPKC activation promotes MYC ectopic expression in the OL ([Figure 2(c)](#fig2){ref-type="fig"}, lower panel); therefore we investigated MYC abundance in the larval CB following kinase activation. [Figure 6(a)](#fig6){ref-type="fig"} represents an Optix-aPKC^CAAX-wt^ larval brain lobe where, in the regions showing lower Lgl levels (outlined, lower panel), MYC was aberrantly expressed. The highest MYC levels were visible in the CB (arrow), indicated as region II in the inset, but MYC was found deregulated, as above described, also in the OL NBs ([Figure 6(a)](#fig6){ref-type="fig"}, arrowheads). MYC knockdown in Optix-aPKC^CAAX-wt^ individuals deeply impaired tumour development (compare Figures [6(c)](#fig6){ref-type="fig"} and [6(b)](#fig6){ref-type="fig"}, arrows) and reverted the organ back to wild-type dimensions (compare [Figure 6(c)](#fig6){ref-type="fig"} with [Figure 1(d)](#fig1){ref-type="fig"}), demonstrating that these tumours depend on MYC for both initiation and progression. PI3K^CAAX^ cooperates with aPKC^CAAX-wt^ also in MYC deregulation, as can be appreciated in [Figure 6(d)](#fig6){ref-type="fig"}, where the inset indicates the CB region as II.

Finally, we examined MYC levels in Optix-aPKC^CAAX-wt^ adult brains and we found it was ectopically expressed in several tumour areas ([Figure 6(e)](#fig6){ref-type="fig"}, arrows). In the same areas, some cells overexpressed Yki, the downstream effector of the Hippo pathway \[[@B79]\], suggesting that aPKC-mediated tumourigenesis in type II NBs/INPs may be partly mediated by this pathway. In summary, these results indicate that deregulation of the Hippo pathway and of its target MYC contribute to the tumourigenic growth promoted by aPKC activation in type II NBs.*bantam*, another Hippo target \[[@B102]\], has also been found to control differentiation of both type I and type II NBs \[[@B63], [@B103]\]; thus reinforcing the evidence that the Hippo signalling cascade, by connecting polarity and growth regulators, may orchestrate different aspects of brain cancer development. The Yki human orthologue YAP is indeed found overexpressed in a number of human cancers \[[@B104]\], including GBM \[[@B105]\]. Moreover, it is known that aPKC activation increases MYC levels through deregulation of the Hippo pathway both in*Drosophila* \[[@B77]\] and in mammals \[[@B106]\], while PI3K activation is known to regulate MYC stability and MYC-dependent transcription in*Drosophila* \[[@B107], [@B108]\], as it happens in mammals \[[@B109]\]. Finally, c-MYC is known to inhibit*PTEN* by upregulating miR-26A in GBM \[[@B110]\], thus creating a vicious circle.

4. Conclusions {#sec4}
==============

Primary glioblastoma (GBM) is the most common and incurable brain cancer of the adult, displaying high cellular and genetic diversity, used to define tumour subtypes \[[@B111]\]. GBM origin is long being debated, although the most likely hypothesis is that it may initiate from different cells, making it difficult to find a treatment for such a heterogeneous disease \[[@B1]\]. Given the presence of cancer stem cells in GBM, which reside in perivascular niches \[[@B112]\] and resist DNA-damaging therapies \[[@B87]\], interest is growing towards their specific biology. For this reason, investigations on the mechanisms reprogramming normal neural progenitors into cancer stem cells are fundamental to decipher the essential logic driving brain cancer development at the genetic, molecular, and cellular levels.*PTEN* deficiency has proven to be sufficient to reprogramme human neural progenitors into GBM stem cells \[[@B113]\] and its inactivation is very frequent in GBM, occurring through a number of different mechanisms \[[@B7], [@B110], [@B114]\]. We focused our attention on recent studies that associated alterations in the PTEN/aPKC/Lgl axis with the maintenance of GBM stem cells \[[@B30], [@B31]\]. This axis regulates cell growth and cell polarity, two essential features that guarantee proper differentiation of neural stem cells, through combined action of the conserved PI3K/AKT and aPKC/Lgl pathways \[[@B115]\].*Drosophila* is routinely used as a model for the study of cancer biology \[[@B33]\], so we investigated the consequences of alterations in these pathways on different neural progenitors found in the*Drosophila* brain. We first confirmed that*PTEN* deficiency in the fly brain is able to activate aPKC with a consistent inhibition of Lgl (Figures [1(b)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}). We then expressed an activated form of aPKC in the optic lobe and observed hyperplastic growth of the neuroepithelium that switched from the wild-type columnar monolayer into a multilayer of rounded cells, without evident morphological alterations of the brain lobe ([Figure 2](#fig2){ref-type="fig"}). Of note, neuroepithelium hyperplasia was associated with ectopic expression of the Hippo pathway downstream targets dIAP1 and MYC in the neuroblasts (NBs) of the optic lobe ([Figure 2](#fig2){ref-type="fig"}, lower panel), indicating that loss of cell polarity in the neuroepithelium affects differentiation \[[@B75], [@B76]\]. aPKC activation, alone or combined with PI3K, caused instead severe phenotypes in the central brain. In that region, type II NBs originate neurons and glial cells through transient amplifying cells, as it is for mammalian neural stem cells \[[@B56], [@B57]\]. While PI3K activation did not hamper NB differentiation, expression of aPKC alone or in combination with PI3K promoted a dramatic expansion of the neural progenitor cells, which eventually filled the central brain ([Figure 3](#fig3){ref-type="fig"}) and persisted in the adult ([Figure 4](#fig4){ref-type="fig"}), where they kept growing ([Figure 5](#fig5){ref-type="fig"}) leading the animal to premature death. The Hippo signalling cascade was found deregulated also in the adult brains ([Figure 6(e)](#fig6){ref-type="fig"}), suggesting an involvement of this central pathway in the integration of multiple signals during brain tumourigenesis. Our neurogenic model of brain cancer in the fly seems to recapitulate a number of traits typical of human brain cancers. Thanks to the use of more sophisticated genetic systems, it may help identify and characterise the neural lineage most susceptible to*PTEN* inactivation. Future work is therefore warranted to address the many open questions on the genesis and biology of GBM.
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Supplementary Figure S1. Measurement of the A-P larval brain lobe diameter following neurogenic growth. Supplementary Figure S2. The most part of the immature cells filling the Optix-aPKC^CAAX-wt^ larval brains are type II NBs and INPs. Supplementary Figure S3. The activated form of aPKC induces an increase of the adult fly interocular distance (IOD). Supplementary Figure S4. Kaplan-Meier survival curve of Optix-aPKC^CAAX-wt^ adult flies maintained at 25°C.
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Click here for additional data file.

![*PTEN* mutation activates the PI3K-pAKT pathway in different regions of the larval brain, while increasing aPKC and lowering Lgl at the cell membrane. (a) MARCM*PTEN*^*117*^ LOF clones (GFP^+^) induced in a wild-type background. pAKT staining (red) is positive in the optic lobes (outlined, arrowheads) and in the dorsomedial (DM) region of the brain (arrows). The asterisk marks a*PTEN*^*117*^ mutant clone in the central brain which does not activate AKT. ((b)-(c)) Flp/FRT*PTEN*^*117*^ clones in the OL show aPKC accumulation ((b) white, outlined) and Lgl decrease ((c) white, outlined). (d) Expression pattern of Optix in the larval brain: OL = optic lobe; CB = central brain; NE = neuroepithelium; NB I = type I NBs; NB II = type II NBs; VG = ventral ganglion. Scale bars are 50 *μ*m.](BMRI2017-2690187.001){#fig1}

![The activated form of aPKC induces hyperplastic growth of the larval NE. ((a)--(c)) Representative brains from Optix-aPKC^CAAX-wt^ late L3 larvae grown at 25°C. (a) Surface section showing aPKC (white) membrane enrichment (middle panel) and dIAP expression (lower panel) in the Optix NE domain (GFP^+^, upper panel). (b) Cross-section showing the multilayered structure of the NE and dIAP expression (lower panel) within the Optix domain (GFP^+^, upper panel). (c) Surface section displaying Lgl (white) release from the membrane (middle panel) and MYC expression (lower panel) within the Optix domain (GFP^+^). Green arrowheads indicate the boundaries between aPKC^CAAX-wt^ and wild-type OL, and yellow arrowheads indicate the boundaries between aPKC^CAAX-wt^ and wild-type NE. Scale bars are 50 *μ*m.](BMRI2017-2690187.002){#fig2}

![The activated form of aPKC induces neoplastic growth in type II NBs of the larval brain, and PI3K contributes to the overall growth. ((a)--(c)) Representative brains from Optix-PI3K (a), aPKC^CAAX-wt^ (b), and Optix-PI3K^CAAX^  aPKC^CAAX-wt^ (c) late L3 larvae grown at 25°C. Repo (red) stains glial cells and Mira (cyan) stains NBs. The lower panel shows Mira staining alone. While Mira marks mainly OL and CB type I NBs in (a) (arrows), aPKC activation triggers an increase in type II NBs (arrowhead) which form invasive masses (arrowheads) in cooperation with the active form of PI3K (c). ((d)--(f)) Representative brains from Optix-PI3K (d), aPKC^CAAX-wt^ (e), and Optix-  PI3K^CAAX^  aPKC^CAAX-wt^ (f) late L3 larvae grown at 29°C. Elav and Repo (red) stain neurons and glial cells, respectively, and Mira (cyan) stains NBs. The lower panel shows Mira staining alone. As it happens at 25°C, while Mira marks mainly OL and CB type I NBs in (a) (arrow), aPKC activation triggers a huge increase in type II NBs (arrowhead), which form invasive clusters (inset in the (e) upper panel) and grow as to fill the entire brain lobe in cooperation with the active form of PI3K (f). Scale bars are 50 *μ*m.](BMRI2017-2690187.003){#fig3}

![The neoplastic growth induced in type II NBs of the larval brain by the activated form of aPKC leads to formation of adult brain tumours. ((a)--(d)) Representative adult brains from Optix (a), Optix-PI3K (b), aPKC^CAAX-wt^ (c), and Optix-PI3K^CAAX^  aPKC^CAAX-wt^ (d) 1--4-day-old individuals. All the samples are dorsal up and ventral down. While the a-Mira antibody does not stain control (a) and Optix-PI3K^CAAX^ (b) brains, a myriad Mira-positive cells can be observed both in aPKC^CAAX-wt^ (c) and in Optix-PI3K^CAAX^  aPKC^CAAX-wt^ (d) samples (cyan). Elav and Repo staining is shown in red. (e) Graph displaying the ratio of the total GFP^+^ area normalised to the whole brain area for the two indicated groups. Each triangle represents one brain, and the central bar indicates the average ratio. The two sample groups are not statistically different, *P* = 0.1968. (f) Adult brains from Optix-aPKC^CAAX-wt^ 1--4-day-old individuals showing PntP1 staining. Scale bars are 50 *μ*m.](BMRI2017-2690187.004){#fig4}

![The brain tumours keep growing during the adult life. (a) Adult brains from Optix-aPKC^CAAX-wt^ 1--4-day-old individuals showing PH3 staining. The brain is outlined in (a), right image. Scale bar is 50 *μ*m. (b) Graph displaying the ratio of the total GFP^+^ area normalised to the whole brain area for the two indicated groups. Each triangle represents one brain, and the central bar indicates the average ratio. The two sample groups are statistically different, *P* \< 0.05.](BMRI2017-2690187.005){#fig5}

![Brain tumour growth induced by aPKC activation is MYC-dependent. ((a)-(b)) Representative brains from Optix-aPKC^CAAX-wt^ larvae grown at 25°C. (a) MYC (red) and Lgl (white) staining. Regions II and OL in the GFP^+^ inset indicate type II and OL NBs, respectively. (b) The arrow indicates the NE-medulla region and the arrowhead points to the type II NBs in the DM region. (c) The same regions as in (b) are indicated in an Optix-aPKC^CAAX-wt^  dm^KD^ brain. (d) Representative brains from Optix-PI3K^CAAX^  aPKC^CAAX-wt^ larvae grown at 25°C stained for MYC (red) and Lgl (white). The GFP^+^ inset shows the huge expansion of the type II NBs (region II). (e) Optix-aPKC^CAAX-wt^ representative adult brains from 1--4-day-old animals showing MYC upregulation associated with Yki accumulation (arrows). Scale bars are 50 *μ*m.](BMRI2017-2690187.006){#fig6}
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